Introduction
Neutrophils apparently contribute to the injury of myocardial tissue after occlusion ofthe coronary artery, particularly under conditions where the ischemic tissue is subsequently reperfused with normally oxygenated blood (1, 2) . Neutrophil attachment to vessel walls and emigration into cardiac tissue begins shortly after the initiation of reperfusion (3) (4) (5) (6) (7) (8) , and various experimental manipulations in animal models designed to remove neutrophils from the circulation (3, 6, (9) (10) (11) (12) or to inhibit their functions (13) (14) (15) (16) (17) (18) have resulted in measurable reductions in the extent of myocardial damage after isch-emia and reperfusion. The mechanisms by which neutrophils effect this tissue damage remain uncertain, though two possibilities have been supported by experimental evidence. The first is that these leukocytes physically obstruct capillaries, thereby limiting reperfusion (19, 20) . The second is that secretory products (e.g., oxygen radicals) from the emigrating neutrophils are responsible for cytotoxic effects on myocytes (1, 2, 8) . Changes in leukocyte adhesion contribute to both mechanisms. Adherence to capillary endothelium promotes retention of leukocytes within vessels, and is clearly necessary for emigration of neutrophils into extravascular sites (21) (22) (23) . Additionally, attachment of extravascular neutrophils to tissue cells would provide a small distance over which cytotoxic molecules act, and yield a relatively high concentration of these molecules. Furthermore, it would possibly enhance neutrophil secretory responses (24, 25) . While adhesion of neutrophils to extracellular matrix proteins (26) (27) (28) (29) (30) and endothelial cells (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) (41) (42) (43) (44) (45) , and transendothelial migration (42, 43, (46) (47) (48) have received considerable attention, including characterization of molecular mechanisms, adhesive interactions of neutrophils with cardiac myocytes have not been evaluated.
In this study we address the hypothesis that inflammation in myocardial tissue promotes the adhesion of neutrophils to cardiac myocytes, and this adhesion augments the secretory activity of neutrophils. Experiments were performed in vitro using isolated myocytes and neutrophils, and defined inflammatory mediators such as cytokines and chemotactic factors. The results demonstrate adhesion of canine neutrophils to canine myocytes in vitro, identify several specific stimuli that activate this adhesion, and provide evidence that production of H202 is associated with this adhesion. In addition, using a MAb reactive with canine neutrophil CD18, we provide evidence that the stimulated adhesion and H202 production are CD1 8 dependent.
Methods
Isolation ofcardiac myocytes. Healthy mongrel dogs weighing 10-15 kg were anesthetized using sodium pentobarbital. The heart was removed through the left lateral chest under sterile conditions and immediately placed in ice-cold saline. The aorta was then cannulated using a tubing adapter suitable for the individual heart. The adapter was then connected to a peristaltic pump and retrograde perfusion was initiated at 50-60 ml/min using medium A (Joklik modified minimum essential medium, containing 2 g/liter sodium bicarbonate, 0.1% fatty placed in an Erlenmeyer flask containing 50 ml medium B. The flask was equilibrated with 95% 02/5% CO2 gas, sealed, and placed in a shaker bath at 90-100 cycles/min at 350C. After 20 min the supernatant was filtered through one layer of cheesecloth, another 50 ml of medium B was added, and the procedure was repeated five to six times. These cells were allowed to settle at room temperature for -5 min and the overlying solution was removed. The cell pellet was then suspended in medium A and the cells were allowed to settle. This wash was then repeated and viability was measured using trypan blue dye exclusion. Preparations with a viability of > 80% were used in incubation experiments with neutrophils. Cells were then placed on ice and used within one to two days. Viability and adhesion after stimulation were not appreciably altered over this period.
Neutrophil isolation. Canine neutrophils were isolated from citrate anticoagulated venous blood using techniques previously described for the isolation of human neutrophils (43 Chemotactic migration was determined using the leading front assay with micropore filters as previously described (56 Coverslips with attached endothelial monolayers were inserted in adhesion chambers, and adherence of isolated canine neutrophils was determined in the absence of shear stress using a visual assay as previously described (42, 43) . In experiments with stimulated endothelial cells, monolayers were exposed to 2 ng/ml LPS (Escherichia coli; Sigma Chemical Co.) for 3 h at 37°C, rinsed by dipping the coverslip five times in two changes of PBS before being inserted into the adherence chambers. In experiments with MAbs, neutrophils were exposed to the antibodies at room temperature for 5 min before the cell suspension containing the antibodies was injected into the adherence chambers.
Adhesion of neutrophils to serum-treated glass was determined as previously described (56) . Coverglasses were exposed to 3% canine serum in PBS for 2 min, then rinsed in PBS and inserted in the adherence chamber. Adhesion was determined using a visual assay in the absence of shear stress.
Canine neutrophil-myocyte adherence. Isolated canine myocytes were suspended in medium A at a concentration of 50,000/ml. Neutrophils and myocytes were co-incubated in a volume of 0.4 ml at a ratio of 10:1, neutrophils/myocytes, for 30 min at 37°C. The cells were resuspended, a small aliquot was transferred to a microscope slide and covered with a coverglass, and cells were examined under phase contrast or differential interference contrast optics. The percentage of myocytes with > 2 attached neutrophils was determined and the number of neutrophils per myocyte was counted on 200 myocytes per preparation. Samples were coded so that data collection was performed without knowledge of the specific experimental conditions. In experiments with stimulated myocytes, myocytes were incubated with IL-I, and recombinant IL-1# (Genzyme Corp., Boston, MA), tumor necrosis factor (TNFa; Boehringer Ingelheim, Ridgefield, CT), or PMA 1. Abbreviations used in this paper: ELAM-1, endothelial leukocyte adhesion molecule-l; HSA, human serum albumin; ICAM-1, intercellular adhesion molecule-1; PAF, platelet activating factor; TNF, tumor necrosis factor; ZAS, zymosan-activated canine serum.
for various times at 370C before addition of the neutrophils. In experiments with stimulated neutrophils, PAF or ZAS was added immediately before the neutrophil suspension was mixed with the suspension of myocytes. MAbs were added to the neutrophil-myocyte suspension (10 ug/ml) at the beginning and remained with the cells throughout the incubation period.
Evaluation of the effects of protein synthesis inhibitors on the cytokine-induced myocyte-neutrophil adhesion was carried out in the following way: Myocytes were incubated for 3 h at 370C in the presence of IL-13 (2 U/ml) with and without actinomycin D (5 Ag/ml) or cycloheximide (5 jAg/ml) (both from Sigma Chemical Co.). Adhesion was assessed as described above using ZAS-stimulated neutrophils. Protein synthesis was assessed by determining the incorporation of
[3H]leucine (10 ACi/ml; ICN Biomedicals, Inc., Costa Mesa, CA) added at the same time as IL-Ifl, using the method of Sen et al. (58) .
Evaluation ofhydrogen peroxide production. H202 production was quantitated in 96-well polystyrene microtiter plates by a modification of the method described by Nathan (24, 25 
Results
The rod-shaped appearance of viable isolated myocytes (59) (Fig. 1 A) was evident in > 80% of the cells in preparations used in these studies. Co-incubation of neutrophils and myocytes at 37°C for periods up to 1 h resulted in a low incidence of intercellular adhesion with a mean of less than one neutrophil/myocyte. Neutrophils failed to adhere to myocytes with a rounded configuration, cells that typically stained with trypan blue. Exposure of co-incubated neutrophils and myocytes to PMA resulted in a marked increase in adherence (Fig. 2) , evident in -1 h. This stimulus resulted in aggregation of neutrophils, the attachment of neutrophils to individual myocytes, and some large clumps of neutrophils containing several myocytes. Since PMA may activate both neutrophils and myocytes, an effort was made to distinguish contributions of each cell type. Stimulation of neutrophils with ZAS (0.1-0.5%) or PAF (5-500 ng/ml) significantly increased adherence to serum-coated glass or monolayers of canine endothelial cells (Table I) * Canine neutrophils were preincubated for 5 min in canine serum (S) or ZAS with and without the MAbs indicated (5 ug/ml), and HSA or PAF with and without the MAbs indicated. The solution containing the stimulants and MAbs was injected into the adhesion chamber and adherence determined using a visual-assay. Serumtreated glass was prepared by exposing the glass coverslip to 3% canine serum in PBS for 2 min and then washing in PBS. The endothelial cells were exposed to 2 ng/ml LPS for 3 h before being washed and placed in the adhesion chamber. Adhesion of unstimulated neutrophils to unstimulated endothelial monolayers was 9±2%.
* P < 0.01 compared with control.
The effects of this condition were not determined. P < 0.01 compared with 0.2% ZAS stimulation without MAb.
'P < 0.01 compared with 30 ng/ml PAF stimulation without MAb.
HSA, 32±3 utm; 200 ng/ml PAF, 101±8 ,m), and increased the binding of MAbs R 15.7 and LM2/1 to the neutrophil surface (Table II) . These stimuli failed to increase neutrophil adherence to myocytes over a 1-h observation period (Fig. 3) .
However, exposure of the myocytes to IL-1# at concentrations as low as 0.5 U/ml for 3 h at 37°C resulted in marked increases in the adhesion of chemotactically stimulated neutrophils (Figs. 1, B-D and 3) . Stimulation of both the neutrophil and the myocyte appeared to be necessary since unstimulated neutrophils failed to adhere to IL-Ij3-treated myocytes. The image in Fig. 1 (Fig. 4) , and enhanced adherence of neutrophils was not observed when IL-1# was added coincident with the neutrophils and the chemotactic stimulus and incubated for 30 min at 37°C. Increases in adherence were observed after 1 h preincubation ofthe myocytes with IL-1I (4 U/ml) and reached the peak activity seen in Fig. 3 trast to IL-13, appeared to be capable of stimulating both cell types since the addition of unstimulated neutrophils to myocyte suspensions containing TNFa resulted in marked increases in adhesion (Fig. 5) . Adhesion was evident as early as 1 h after exposure of the myocytes to TNFa, but maximum stimulation was not seen until incubation ofthe myocytes with TNFa for 3 h before addition of the neutrophils. Hydrogen peroxide production associated with neutrophilmyocyte adherence. H202 production was evident after incubation of neutrophils and PAF with IL-I,3-stimulated myocytes (Table III) . As reported by Nathan (24) for human neutrophils on extracellular matrix proteins or endothelial monolayers, there was a considerable lag period before H202 was detected by the reduction in scopoletin fluorescence. Several controls were performed to assess the requirement for neutrophil-myocyte adhesion. Incubation of neutrophils in type I collagen-coated wells with PAF failed to result in detectable H202. Canine neutrophils did not adhere to type I collagen-coated plastic or glass surfaces even after prolonged incubations (e.g., 370C for 2 h, n = 4). Exposure of the neutrophils to PAF and unstimulated myocytes did not lead to H202 pro- Fig. 7) (49) .
The adhesion of canine neutrophils to canine myocytes induced by PMA, TNFa, or the combination of chemotactic factor and IL-1: was markedly inhibited by MAb R 15.7 (Figs.  8 and 9) . Furthermore, the adhesion of canine neutrophils to serum-coated glass and LPS-stimulated canine endothelial monolayers was increased by ZAS and PAF. This increase was blocked by MAb R15.7 (IgGi) but not by LM2/1 or IgGI (Table I) . Adhesion of neutrophils to unstimulated endothelial monolayers was increased by ZAS (control with no stimulation, 9±2% adherence; with 0.5% ZAS for 10 min, 18±4% adherence, P < 0.05, n = 4). This increase was blocked by antibody R 15.7 (with 0.5% ZAS for 10 min in the presence of5 ,gg/ml R15.7, 7±4% adherence, P < 0.05, n = 3) but not LM2/1 (17±2% adherence, n = 3). A second MAb, LM2/1 (IgG1), served as a control. This antibody, previously shown to recognize CD1 lb on human cells, binds to the surface of canine neutrophils but fails to Figure 8 . Effects of MAbs on the adhesion of canine neutrophils to canine myocytes. Myocytes were incubated with PMA (100 ng/ml) for I h at 370C or with TNFa (100 U/ml) for 3 h at 370C. Neutrophils were incubated with the stimuli and MAbs indicated for 5 min before addition to the myocytes suspension. PMA, TNFa, and MAbs were retained with the cell suspensions, incubation was continued at 370C for an additional 30 min, and adhesion was determined visually. *P < 0.001 compared with control without MAb; **P < 0.001 compared with control without MAb.
block adhesive functions that in human cells are mediated by Mac-I (CD l I b/CD 18). For example, LM2/1 failed to inhibit homotypic aggregation of canine neutrophils (Fig. 6 ) and adhesion of canine neutrophils to serum-coated glass (Table I) . This MAb failed to inhibit adhesion of canine neutrophils to canine myocytes (Figs. 8 and 9 ) and LPS-stimulated canine endothelial monolayers. A nonbinding control IgGI also failed to inhibit adhesion in these settings (Table I and Fig. 9 ).
As shown in Table IV , H202 production stimulated by IL-lI and PAF was reduced to low levels by addition of R 15.7 (5 ,gg/ml). Control antibodies, IgGI (5 ,g/ml), and LM2/1 (5 sg/ml) did not inhibit H202 production. figure) , a E-chain from canine neutrophils, and three a-chains and a E-chain from human neutrophils (not shown). (35, 41) . IL-I#, PAF, and ZAS used alone are apparently unable to stimulate both canine neutrophils and myocytes, since combinations ofIL-I , and chemotactic stimulation were required for adherence. These results are also consistent with the response of human neutrophils and endothelial cells (42) . Thus the canine neutrophil integrin involved appears to require activation since adhesion of unstimulated neutrophils to cytokine-stimulated myocytes was not increased over that of unstimulated neutrophils to unstimulated myocytes. The current experiments do not distinguish between a requirement for mobilization of CD18 from internal pools (55, 62-64) (a phenomenon that may explain the increased binding of MAbs R15.7 and LM2/1 seen in Table II) , and the activation or clustering of existing surface integrin molecules, phenomena reported to occur on human neutrophils (65) (66) (67) (68) (69) (70) . ICAM-1 is a candidate since adhesion of neutrophils to this ligand is CD18 dependent (42, 43) , and ICAM-1 is expressed on diverse cell types after cytokine stimulation (71) . However, since CD18 heterodimers have been shown to form adhesive interactions with several different molecules (27, 72, 73) , the adhesive ligand on stimulated myocytes may be distinct from those on endothelial cells.
The co-incubation of PAF-stimulated neutrophils with IL-I B-stimulated myocytes is accompanied by substantial production of H202. This phenomenon appears to be consistent with the adherence-dependent H202 production obtained with human neutrophils contacting extracellular matrix proteins or human endothelial cells (24, 25 (78) , and in recent studies (unpublished data) we found that dilutions of postischemic canine cardiac lymph can, over a 3-h period, induce myocytes to become adhesive for ZASstimulated neutrophils. In addition, isolated cardiac myocytes are clearly susceptible to damage by H202 (79) . Such observations support the possibility that the neutrophil-myocyte adhesion and H202 production observed in the present report may play significant roles in myocardial inflammation.
